In two-dimensional van der Waals (vdW) magnets, the presence of magnetic orders, strong spin-orbit coupling and asymmetry at interfaces is the key ingredient for 2 hosting chiral spin textures. However, experimental evidences for chiral magnetism in vdW magnets remain elusive. Here we demonstrate unambiguously the formation of chiral spin textures in thin Fe 3 GeTe 2 nanoflakes using advanced magnetic electron microscopy and first-principles calculations. Specifically, electron holography analyses reveal the spin configurations of Néel-type, zero-field-stabilized skyrmions in 20-nm-thick Fe 3 GeTe 2 nanoflakes at cryogenic temperature. In situ Lorentz transmission electron microscopy measurements further provide detailed magnetic phase diagrams of chiral spin textures including spirals and skyrmions in Fe 3 GeTe 2 as a function of temperature, applied magnetic field and specimen thickness. Firstprinciples calculations unveil a finite interfacial Dzyaloshinskii-Moriya interaction in the Te/Fe 3 Ge/Te slabs that induces the spin chirality in Fe 3 GeTe 2 . Our discovery of spin chirality in the prototypical vdW Fe 3 GeTe 2 opens up new opportunities for studying chiral magnetism in two-dimensional vdW magnets from both fundamental and applied perspectives.
Introduction
The past years have seen a fast development of many new concepts and physical phenomena in two-dimensional (2D) van der Waals (vdW) magnets including the intrinsic magnetic orders at the 2D atomic limit 1, 2 and the novel functionalities of hybrid vdW heterostructures for spintronics applications 3, 4 .
Fe 3 GeTe 2 (FGT), a prototypical vdW magnet, has demonstrated a rich variety of physical phenomena. For example, bulk FGT exhibits itinerant ferromagnetism with a relatively high Curie temperature (T C = ~230 K) and a strong out-of-plane magnetic anisotropy 5, 6 . When thinned down to the 2D limit, FGT atomic layers can sustain ferromagnetic ordering 7, 8 ; remarkably, the T C for FGT atomic layers can be enhanced either by further reducing dimensions via nanopatterning 9 or by electrical iongating 10 . Electronic band theories and experiments revealed the effects of strong electron correlations 11 , the Kondo lattice physics 12 , and the topological nodal lines physics 13 in bulk FGT. Electrical transport measurements discovered very large anomalous Hall currents 13 and topological Hall effect in FGT atomic layers 14 . These novel properties found in FGT have motivated many efforts looking into their specific spin textures. For instance, magnetic force microscopy (MFM) imaging has revealed complex magnetic domain structures including magnetic labyrinthine patterns 8, 9 , circular dots within magnetic branches 15 , and singly, doubly-walled bubbles of Néel-type domain walls 16 . Néel-type spin textures observed in the perpendicularly magnetized FGT suggest the existence of spin chirality enabled by the Dzyaloshinskii-Moriya interaction [17] [18] [19] , but contradicted by symmetry argument that 4 FGT belongs to a centrosymmetric space group of P6 3 mmc. Therefore, experimental evidences (if exists 20 , the underlying physics) for the existence of chiral spin textures in vdW FGT remain elusive.
To investigate complex spin textures in vdW magnets, the capability of realspace magnetic imaging with high spatial resolution and high magnetic sensitivity is essential. Compared with optical and x-ray magnetic microscopy of broad-beam nature or scanning probe microscopy with only surface spin sensitivity, transmission electron microscopy (TEM) based techniques like Lorentz microscopy (LM) 21 and off-axis electron holography (EH) 22 offer a spatial resolution below 5 nm and high magnetic sensitivity. LM and EH have been successfully applied to study various complex noncollinear spin textures in different systems [23] [24] [25] . Here we employed the LM and EH to directly image the spin textures in thin FGT nanoflakes exfoliated from the bulks. Quantitative magnetic phase images from EH measurements allow us to assess the characteristics of chiral Néel-type skyrmions in the perpendicularly magnetized FGT nanoflakes. In situ LM observations with varying specimen temperature and external magnetic fields provide a detailed temperature-field (T-H) magnetic phase diagram and specimen-thickness-dependent chiral spin textures in FGT thin films. Furthermore, our first-principles calculations reveal a finite interfacial Dzyaloshinskii-Moriya interaction residing at the Te/Fe and Fe/Te interfaces being responsible for the occurrence of chiral magnetism in FGT.
Results and Discussion
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As depicted schematically in Fig. 1a , the prominent crystallographic features in the hexagonal structure 5, 6 (space group of P6 3 Figure 1d marks the temperatures at which two peaks appear in the real part of the AC susceptibility. Our magnetization curves are in consistent with the previous reports 26 , in which the magnetization reduction was associated with a ferromagnetic to antiferromagnetic transition. In the present study, however, we demonstrate that the magnetization reduction and dips are the consequence of the formations of Néel-type chiral spin spirals in thick FGT layers, as 6 seen in the magnetic images below.
To directly image the magnetic domain structures in FGT nanoflakes, we carried out EH and LM measurements. In the electron-wave description, fast electrons acquire a phase change, ϕ(r), when traversing a thin specimen. Thus, retrieval of ϕ(r)
by EH or LM provides direct accesses to the electric and magnetic properties of the specimen 21, 22 . It is noted that the basis of magnetic contrast in EH or LM requires a component of magnetization curl parallel to the electron beam direction 27 . When imaged with normal incident electrons, Néel-type domain walls or skyrmions produce no magnetic contrast because of the lack of such component of magnetic curl 28, 29 .
Néel spin textures are usually made visible by titling specimen to produce the required component of magnetization curl 28, 29 ; it also constitutes a practical way in the LM to distinguish between Néel-, Bloch-and hybrid-Néel-Bloch-type spin textures 30 . zero-field cyclic cooling-heating processes. We observed that the locations for the skyrmions are different for each experiment; that is, skyrmions are not pinned at specific crystal sites that may contain crystalline defects. The effect of cooling rate on the skyrmion formation was studied by varying cooling rate of the specimen from 1 to 10 K/min. For these cooling rates, no obvious differences in terms of skyrmion formation process and the size distribution were found. The size distribution observed in FGT may be associated with the multi-stability of skyrmions of different sizes found in magnetic multilayers 32 .
To reveal the internal spin configurations of these circular dots, we carried out EH measurements that allow one to quantitatively analyze the spin texture via its projected magnetic phase images. Figure 2d shows the total phase image that comprises of electrical and magnetic phases, reconstructing from electron holograms taken at 115 K and under zero-field conditions. Clearly, the circular dots exhibit a 8 prominent white-and-dark contrast feature, closely resembling the simulated magnetic phase of 20-degree-tilted Néel skyrmions in Fig. 2(a) . Since the mechanically exfoliated FGT nanoflakes are very flat (see thickness measurement via energyfiltered TEM in the Supplementary Fig. S1 ), the electric phase contributions can be well approximated as an added phase offset of a constant value; thus, the phase variations can be approximated as magnetic phase 25 . Figure 2e shows a line profile extracted from an area marked in Fig. 2d , displaying the magnetic phase profile across a tilted skyrmion.
We now proceed to the systematic LM observations of magnetic evolution of Outside this temperature range, no formation of spirals (or skyrmions) was seen and the specimen remained in the field-polarized FM state. We note that although the spirals and the skyrmions occupied the specific T-H region of the phase diagram ( Fig.   3a and 3b) , their formations highly depend on the magnetizing protocols: in-field skyrmions persist upon increasing field, whereas in-field spirals emerge upon 10 decreasing field. Hence, we conclude that skyrmions in FGT nanoflakes are thermodynamic stable phase and spirals metastable phase. The absence of spiral formation below 110 K and the fact that no observation of spiral-to-skyrmion transition at 150 K for a long period of time (tens of minutes for LM observations) suggest there exists a significant energy barrier between these two states. Figure 3c shows the melting of zero-field skyrmions by heating process, as also seen in the video v2 of the Supplementary Materials. Upon heating in the temperature range from 10 to 170 K, the skyrmions appeared to only weakly alter their positions and sizes. They started to undergo strong alteration when the specimen temperature was raised above 170 K. In Fig. 3(c) , skyrmions progressively dissolved into spirals at 179 K, and the spirals constantly fluctuated until they disappeared above 189 K. The spirals in thicker specimens were found to transform into skyrmions by applying magnetic field normal to the specimen plane (Fig. S4 in The thickness-dependent skyrmion-to-spiral transition under zero-field can be To shed light on the origin of DMI and thus the observed chiral skyrmions and spirals in FGT nanolayers, we carried out density functional theory (DFT) calculations (details in the Methods) using the projected augmented wave method as implemented in the Vienna ab-initio simulation package (VASP) 33, 34 . The selfconsistent total energies for various noncollinear spin configurations in quintuple layers of FGT (Fig. 4) are evaluated with spin-orbit coupling considered using the 12 constrained method implemented in VASP. Correspondingly, the DMI term can be estimated as demonstrated in bulk frustrated systems 35 , insulating chiral-lattice magnets 36 , and the interface systems 37, 38 .
The approach for three-sites DMI 19 
Conclusion
In summary, we have demonstrated the formation of chiral spin textures including spirals and skyrmions in a vdW ferromagnet FGT using Lorentz microscopy and off- 
TEM characterizations
A mechanical exfoliation method with scotch tap was used to obtain FGT nanoflakes.
The FGT thickness ranges from 10 to 100 nm, as measured by a log-ratio method in 
First-principles calculations
The details of the density functional theory (DFT) calculations with the projected augmented wave method as implemented in the Vienna ab-initio simulation package (VASP) are given as follows. The Perdew-Burke-Ernzerhof (PBE) approximation 39, 40 is adopted to describe the exchange-correlation interactions. The energy cutoff of 500 eV is set for the plane wave basis expansions. The ab-plane lattice constant 5 is set to be 3.99 Å. The k-point grids 12×3 are used to sample the Brillouin zones for the 1×4 supercell to guarantee good convergence. The self-consistent total energies for various noncollinear configurations (Fig. 4) are evaluated with spin-orbit coupling considered using the constrained method implemented in VASP.
